We investigated the role of DC-SIGN (CD209), long pentraxin 3 (PTX3) and vitamin D receptor (VDR) gene single nucleotide polymorphisms (SNPs) in susceptibility to pulmonary tuberculosis (TB) in 321 TB cases and 347 healthy controls from GuineaBissau. Five additional, functionally relevant SNPs within toll-like receptors (TLRs) 2, 4 and 9 were typed but found, when polymorphic, not to affect host vulnerability to pulmonary TB. We did not replicate an association between SNPs in the DC-SIGN promoter and TB. However, we found that two polymorphisms, one in DC-SIGN and one in VDR, were associated in a nonadditive model with disease risk when analyzed in combination with ethnicity (P ¼ 0.03 for DC-SIGN and P ¼ 0.003 for VDR). In addition, PTX3 haplotype frequencies significantly differed in cases compared to controls and a protective effect was found in association with a specific haplotype (OR 0.78, 95% CI 0.63-0.98). Our findings support previous data showing that VDR SNPs modulate the risk for TB in West Africans and suggest that variation within DC-SIGN and PTX3 also affect the disease outcome.
Introduction
Tuberculosis (TB) remains an important cause of death. Every year more than 8 million people develop TB and 3 million TB patients die, although the causes for the high mortality are complex. 1, 2 Nevertheless, while the total number of subjects infected with Mycobacterium tuberculosis (MT) is far larger (approximately 2 billion), the vast majority of those infected keep the bacterium under control and never develop a clinical disease. Genetic variation among individuals could influence the susceptibility to develop active disease. 3 Innate immunity genes are important in modulating host susceptibility to TB because the first line of defense against MT involves the identification and uptake of the bacterium by macrophages and dendritic cells. Potentially relevant genes for susceptibility to pulmonary TB that contribute to this immune response include DC-SIGN/CD209, pentraxin 3 (PTX3), toll-like receptors (TLRs) 4 and 9 and vitamin D receptor (VDR).
The C-type lectin DC-SIGN is a crucial MT receptor on dendritic cells. 4 A recent study by Barreiro et al. 5 has shown that, in a South African population sample of European and Asian descent, sequence variation in the DC-SIGN promoter provided protection from TB.
PTX3 is produced by dendritic cells and macrophages following TLRs engagement and secretion of inflammatory cytokines. 6 Although the PTX3 relevance to TB pathogenesis has not yet been determined, its role in innate immunity, the interaction with mycobacterial wall molecules 7, 8 and the apparent correlation of expression with disease activity 9 make it an attractive candidate for studies on genetic susceptibility to TB.
TLRs are key players in the innate immune system, and there is substantial evidence that single nucleotide polymorphisms (SNPs) in TLRs could impair the way TLR ligands interact with their receptors and would in turn impact on the individual susceptibility to either infectious or inflammatory disease. 10 TLR2 interacts with M. tuberculosis cell-wall components to induce cellular activation, killing of intracellular microbes and apoptosis, 11 and coding genomic variation in TLR2 has been associated with active TB. 12, 13 TLR4 was initially identified as the mediator of lipopolysaccharide (LPS) inflammatory responses 14 and interacts with both a heat-labile soluble mycobacterial factor and whole viable M. tuberculosis to trigger innate responses. 15, 16 M. tuberculosis-induced tumor necrosis factor and nitric-oxide production can be blocked by the LPS lipid A antagonist E5531, 17 and it has been shown that Tlr4-deficient mice develops a chronic lung infection resembling human disease when exposed to aerosolized M. tuberculosis. 18 In TLR4, two nonsynonymous mutations have been reported in the extracellular domain (Asp229Gly and Thr399Ile) that are associated with hyporesponsiveness to LPS in alveolar macrophages, epithelial cells and peripheral blood mononuclear cells, 19 but could not be associated with TB in a previous study from West Africa. 20 Variation in TLR9 (which binds bacterial DNA) is also potentially relevant to the development of TB: it has been shown that in mice, TLR9 cooperates with TLR2 in mediating resistance to MT, 21 and polymorphisms were originally identified in the 5 0 region which could be affecting the transcriptional regulation of this gene. 22 Vitamin D is a link between activation of TLRs and antibacterial responses in innate immunity. It has recently been shown by Lui et al. 23 that TLR1 and TLR2 activation of human macrophages upregulates the expression of the VDR and vitamin D 1 -hydroxylase genes, leading to induction of cathelicidin and to the killing of intracellular MT. African-Americans with higher susceptibility to TB have low 25-hydroxyvitamin D levels, leading to inefficient cathelicidin mRNA induction, 23 while VDR intragenic polymorphisms have been associated with active TB disease in West African population samples and families. 24 In our study, we analyzed the role of polymorphisms within DC-SIGN, TLR4, TLR9, PTX3 and VDR in 321 pulmonary TB cases, and 347 healthy controls from Guinea-Bissau.
Results
The ethnic composition and other baseline characteristics of the population sample analyzed in our study are shown in Table 1 . Allele, genotype, haplotype frequencies and linkage disequilibrium (LD) patterns did not differ significantly between ethnic groups (analyses not shown). As a result, for the remaining analyses ethnic groups were pooled. HIV status did not affect the analyses, as there were no allele, genotype or haplotypic differences between HIV-positive and HIV-negative cases (Fisher test, P40.05). The DC-SIGN gene was analyzed for seven SNPs spanning the complete length of the gene (7.72 kb, Figure 1a ), including the À336 (rs4804803) and À139 (rs2287886) promoter variants. The PTX3 gene was investigated with five SNPs, spanning the 6.97 kb length of the gene. Five SNPs within TLRs 2, 4 and 9 were initially genotyped; however, two SNPs (TLR2 rs5743708 and TLR4 rs4986791) were monomorphic. Therefore, only one TLR4 SNP and two TLR9 SNPs effectively remained to investigate the association with TB (Tables 2 and 3) .
Results demonstrated that in the pooled-ethnicities samples, all genotypes were in Hardy-Weinberg equilibrium (HWE) with the exception of one PTX3 variant (rs1840680), but the deviation was not significant after correction for multiple testing (P ¼ 0.04 uncorrected).
Four SNPs showed significant differences between cases and controls for both allelic and genotypic distributions using an uncorrected P-value of 0.05 (rs114465421 in DC-SIGN, rs2305619 and rs1840680 in PTX3 and rs7975232 in VDR). However, none remained significant after Bonferroni's correction (Table 3) .
Haplotype frequencies were compared between cases and controls for each of the genes using all variable SNPs (Table 4) . Results demonstrated one statistically significant association in the PTX3 gene (P ¼ 0.002), but no significant association with any of the remaining genes. One marginally significant haplotype association was observed in the DC-SIGN gene (P ¼ 0.055).
Haplotype trend regression analyses were followed by LD analysis within DC-SIGN, PTX3, TLR9 and VDR genes, using the HaploView software (Figures 2a-h ). Case LD patterns are shown in Figures 2a, c, e and g and controls in Figures 2b, d , f and h. Haplotype structure in DC-SIGN did not differ notably between cases and healthy controls, and indicated weak LD across the gene (Figures 2a and b) . The SNPs at positions À336 and À139 (rs4804803 and rs2287886), although potentially informative (heterozygosities of 0.50 and 0.36) and very close to each other, were not in LD. The haplotypes observed in these Guinean samples were not marked by significant blocks, in contrast to the data available from HapMap (www.hapmap.org). Association of gene variants with pulmonary TB R Olesen et al Figure 1 Gene detail. Gene maps with position of SNPs typed and inter-marker distances.
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At the haplotype level, the general LD structure observed at PTX3 corresponded to the one seen in Yoruba (HapMap data). A G-A-G haplotype for sites rs2305619, rs3816527 and rs1840680 was present in 36.5% of cases and 42.6% of controls (Table 5) In addition to single locus and haplotype analyses, multilocus analysis was also performed to determine whether there are interactions that associate with TB. Ethnic groups and gender were used as variables in the multifactor dimensionality reduction (MDR) analysis to detect their effects. No significant multilocus interactions were detected by MDR between DC-SIGN, PTX3, TLR9 and VDR, and any of the other gene variants tested. However, one significant interaction between one SNP (rs7975232, ApaI) in the VDR gene and ethnic groups was detected ( Figure 3 ). The testing accuracy for this interaction was 58.6% (P ¼ 0.003) with a cross-validation consistency of 8/10 and a testing OR of 1.982 (95% CI 1.454-2.70) (Table 6; Figure 3 ). An interaction dendrogram ( Figure 4 ) was generated to assess the relationships between this marker and ethnicity. The dendrogram shows a nonadditive interaction between rs7975232 and ethnic group, as well as an even stronger synergistic interaction between rs11465391 in DC-SIGN. This latter interaction is not unexpected as this SNP and ethnic groups are the two factors in the second-best two-factor MDR model (P ¼ 0.03), and all three of these factors are in the best three-factor model.
Discussion
In this study, we examined variation in candidate genes with a role in innate immunity and previous associations with pulmonary TB. The first candidate was the C-type lectin DC-SIGN. A recent study by Barreiro et al. 5 indicated an association between two DC-SIGN promoter SNPs (À871G and À336A) and a decrease in the risk of pulmonary TB. These authors investigated a South African population and concluded that the À871G/ À336A combination was largely confined to European and Asian populations. In our study of a well-characterized West African sample analyses of the individual DC-SIGN SNPs and haplotypes (Tables 3 and 4) , however, did not show any significant association with TB; we conclude that the DC-SIGN promoter variation does not have a significant effect on TB in Guineans. This observation is consistent with what was described by others, who were not able to replicate an association of À336A with TB in a small Colombia cohort. 25 Since the À871 SNP is absent in sub-Saharan Africans, our negative finding can only exclude a causal effect of À336, but we cannot confute a role for the À871/À336 haplotype in non-Africans. The apparent conflict of our data with that of Barreiro et al. 5 can be explained by genetic heterogeneity (with different populations having differences in gene variants affecting risk) and is in agreement with the finding that their effect was mainly confined to people of Eurasian descent. One intronic SNPs found to be monomorphic in the Guinea-Bissau population sample.
Association of gene variants with pulmonary TB R Olesen et al Association of gene variants with pulmonary TB R Olesen et al SNP (rs11465391) was however observed to interact with ethnicity in modulating disease risk (Figure 4) . The biological meaning of this interaction is unclear, but it could be hypothesized that the À336 association described by Barreiro et al. 5 was tagging a marker elsewhere in the gene between intron 6 (where rs11465391 lies) and the promoter; further studies are warranted to investigate the effect of variation in this gene region.
At the DC-SIGN locus, the Bissau population seems to differ from the LD pattern detected in Yoruba (Figures 2a  and b) . Although the HapMap data are based on higher marker density, only one of the SNPs used in our set (rs8105483) was examined in the HapMap data. No LD blocks were identified in our study population and cases did not differ from controls in LD structure (Figures 4a  and b) . The different DC-SIGN LD pattern compared to the HaploMap data set would underscore the importance of specific LD determination in West African populations, as disequilibrium data from Nigerian Yoruba are not necessarily applicable to the rest of West Africa.
Of the five SNPs analyzed in PTX3, two showed a significant association with TB disease, and a significant haplotype association was also identified (P ¼ 0.002). A post hoc inspection of the inferred haplotype frequencies showed a higher frequency of the 'G-A-G' haplotype corresponding to SNPs rs2305619 to rs1840680 (Table 4) in the control population compared to cases (46.2 vs 36.5%). This three-site haplotype had an OR of B0.8, (P ¼ 0.02), and is suggestive of a protective effect relative to other haplotypes. In addition, the LD structure in PTX3 appears to differ between cases and controls, with controls having a smaller block size, suggestive either of a more recent origin of the case haplotypes or selection Cross-validation consistency (CVC) during the MDR procedure -the original data are partitioned into 10 subsets, each of which is analyzed by MDR; CVC describes how many of the 10 subsets found the best model at each level of interaction. Association of gene variants with pulmonary TB R Olesen et al maintaining a larger block structure (Figures 2c and d) . This observation serves to reinforce the notion that cases and controls differ with respect to PTX3 genomic variation. Since it has been reported that PTX3 levels correlate with disease activity in West African subjects, 9 further investigations are warranted to assess the role of genomic variation PTX3 in affecting susceptibility to pulmonary TB.
Our investigation of TLRs 2, 4 and 9 was exclusively limited to very few SNPs of interest because of their potential functional relevance and/or previously reported associations with TB. Among the SNPs analyzed (excluding TLR2 Gln753Arg and TLR4 Thr399Ile which were not polymorphic), the TLR4 Asp299Gly as well as the two SNPs located in the 5 0 regulatory region of TLR9 (Figure 1d) showed no significant association with TB and no significant LD (Figures 2e and f) . Although the negative association of TB with Asp299Gly confirmed a previous study from The Gambia, 20 a thorough study of the role of TLR2, TLR4 or TLR9 will require a systematic investigation of polymorphisms and related haplotypes that are not part of this study.
The VDR gene was investigated with the same set of SNPs/restriction fragment length polymorphisms (RFLPS) (FokI-BsmI-ApaI-TaqI; Figure 1e ) used by Bornman and collaborators 24 to genotype a West African sample composed of more than 1100 case controls and 300 families. Their case-control analysis showed no significant association between any of the alleles of the markers typed and TB, but a significant result was obtained in the families. The association was across the region covered by the four RFLPs, but was particularly significant for the FokI-ApaI combination (P ¼ 0.0063) due to increased combined transmission of FokI 'F' and ApaI 'A' (or C and T in this study) alleles to the affected offspring. In our case-control study, no association with TB was detected either with single markers or haplotypes (Tables 3e and 4d) , consistent with what was observed by Bornman et al. 24 However, the LD pattern in our sample substantially differed from theirs. While we detected potentially important LD between BsmI and TaqI, positioned at approximately 1 kb from each other, we did not observe significant disequilibrium between any of the other SNPs, including the FokI-ApaI pair (Figures 2g, h) . The lack of LD between ApaI and either BsmI or TaqI, flanking ApaI at 998 and 80 bp respectively, indicates a higher haplotypic diversity than in the Bornman et al. 24 study. Such an increase in diversity will reduce the ability to detect an association using indirect methods.
We also examined possible epistatic effects on susceptibility to pulmonary TB by using an MDR approach. Within VDR, an ApaI effect (Figure 3 ) was variable both within and among Guinean groups, and this could explain why the only significant VDR variation effect described by Bornman et al. 24 was by tracking markersegregation in families. If the ApaI interaction with ethnicity reflects a real effect of VDR variation on risk modulation, it is evident in Figure 3 that the majority of the ethnic groups studied can be split in high-and lowrisk subsets, each composed of a low number of subjects. In this case, very large association studies and accurate ethnic determination would be necessary to detect a significant association at the general population level. Our results would in part confirm what was already described by Bornman et al., 24 that is, VDR variants impact susceptibility to TB, but suggest that other factors that were unmeasured in our and their study are at play in conferring risk. These could include other genetic factors and/or different environmental factors that interact in nonadditive ways to affect risk in an interaction with VDR variants. Therefore, confirming these results will require large replication studies that focus on those ethnic groups for which an increase in risk was predicted.
Materials and methods

Study population
This case-control study was conducted at The Bandim Health Project (BHP), a demographic surveillance site in Bissau, the capital of Guinea Bissau. BHP has followed this population since 1978. 26 TB incidence in this area is among the highest in the world (470/100 000). 27 The area has a population of 92 000 and is composed of several ethnic groups including Papel (32%), Manjaco (14%), Mancanha (10%), Balanta (9%), Fulani (13%), Mandinka (7%) and others (15%). Patients included in the study (cases) were residents or long-term guests of Bissau, aged 415 years, newly TB-diagnosed using three sputum examinations for acid fast bacteria or clinical criteria by the World Health Organization's definition of active pulmonary TB. 28 No culture of TB was available in Bissau, during the study period, as facilities were destroyed during a civil war; 27 218/321 (68%) were smear positive. Patients with newly diagnosed TB were enrolled when they started antitubercular treatment at local health centers. During the inclusion period from November 2003 to November 2005, 438 TB patients were screened at local health centers: 344 subjects met inclusion criteria and accepted participation, and from these we could obtain 321 DNA samples. There were no exclusion criteria.
Healthy controls were recruited from the study area from May 2005 to November 2005. A random sample of 200 houses was selected from the database of all subjects living in the study area, and houses with a recorded case of TB within the past 2 years were excluded from the Figure 4 Interaction dendrogram. In this figure the closer the color is to red, the stronger the interaction/synergy between the variables; and the closer the color is to blue, the more additive/ redundant the relationship between the markers. Ethnic group and rs11465391 had the strongest interactive relationship. This was followed by rs7975232, which also had a strong interactive effect with the combined effect of rs11465391 and group. This would suggest that the two variables in the best MDR model operate with moderately strong nonadditive interactions.
Association of gene variants with pulmonary TB R Olesen et al sampling. Exclusion criteria for controls included the presence of cough for more than 2 weeks, history of TB and TB in the household within the last 2 years to avoid households with a high-risk of active TB. As shown in Table 1 , the composition of the case and control samples was different in terms of sex and ethnicity. These differences are due to the sampling strategy as controls were derived from healthy nuclear families; hence more healthy married couples were collected, whereas TB patients are more often males. The ethnic differences are due to willingness of healthy subjects to give blood, which was not the same across the ethnic groups, whereas most TB patients accepted to be part of the study regardless of their ethnic background. All subjects were interviewed by field assistants, using a standardized questionnaire on ethnicity, environmental factors and prior exposure to TB. Permission to perform HIV tests for the controls was not asked, as accepting HIV testing would have negatively impacted participation in the study. Venous blood samples (4 ml in ethylenediaminetetraacetic acid) were collected from the control subjects, and from these, 347 DNA samples were obtained that were archived, along with the 321 DNAs obtained from cases, in the National Gambian DNA Bank. 29 Ethical approval was granted by the 'Unidade de Coordenacao de Estudos e Pesquisas em material de Saude' (Ministry of Health) in Guinea-Bissau. All adults and children's guardians signed an informed consent to the study.
DNA extraction and genotyping
All DNA samples were extracted using a standard salting-out procedure. DNA purities were estimated spectrophotometrically, and final concentrations were determined by PicoGreen. Samples (4 ng of DNA) were genotyped by TaqMan SNP assays (ABI, Applera International Inc, Foster City, CA, USA) in 10 ml reaction volume, using the Rotor-Gene 3000 (Corbett Robotics Pty Ltd, Brisbane, Queensland, Australia) and the ABI 7500 real-time PCR systems. Fluorescence curves were analyzed with the Rotor-Gene Software version 6 and the 7500 Sequence Detection Software version 1.2.1 for allelic discrimination.
All samples were analyzed for 21 SNPs (seven in DC-SIGN, five in PTX3, one in TLR2, two in TLR4, two in TLR9 and four in VDR). Of these 21 variants, two coding SNPs, TLR2 Arg753Gln and TLR4 Thr399Ile, were found to be monomorphic in Guineans and as a result were dropped from the analyses ( Table 2) .
Statistical analysis
Single locus analysis. Single site allele frequency, genotype frequency and HWE analyses were performed using Powermarker statistical software (http://statgen. ncsu.edu/powermarker). 30 Statistical significance was determined using Fisher's exact tests.
Haplotype analysis. Haplotype analyses were performed, using Powermarker 30 and HaploView version 3.3 31 statistical softwares. Both use an expectationmaximization algorithm to determine haplotype frequency distributions when phase is unknown and measure LD. Haplotype-trait associations were assessed by the haplotype trend analysis in Powermarker. 32 This approach can be applied to both quantitative traits and dichotomous traits. The test for association uses an F-test for a specialized additive model. Haplotype block structure was determined using the method of Gabriel et al. 33 with the HaploView software, and color coding of the LD is based on the confidence of the LD values with dark gray indicating strong evidence of LD, light gray being uninformative and white indicating low confidence of LD.
MDR analysis. Multilocus analysis was performed using MDR analysis 34, 35 (available at www.epistasis.org). MDR exhaustively searches all single site and all multilocus combinations of genetic data and then categorizes each multilocus genotype cell into either high-risk or low-risk genotypes on the basis of the ratio of cases to controls (T) in each cell. The ratio (T) for the present analyses was (321 TB cases/347 TB controls) 0.928. Any ratio larger than this baseline was considered high risk, for example, more TB cases were observed than expected at random from the data set. Cross-validation and classification accuracy was used to choose the single best model. Classification accuracy is the proportion of individuals classified correctly in a testing subset of the data, based on a model generated using the rest of the data (a training set).
Statistical significance was determined empirically for the single best model by permutation testing. The casecontrol status of each subject was permuted 1000 times, and the distribution of testing accuracies was used to determine the probability of chance observations. The null hypothesis of no association was rejected if actual data fell within upper 5.0% of the permuted data. The MDR procedure has been shown to be effective in several studies, including studies of sporadic breast cancer, 34 essential hypertension, 36, 37 atrial fibrillation, 38, 39 type II diabetes 40 and multiple sclerosis. 41 The OR for the best multifactor model was calculated by comparing the genotypes of high-risk and low-risk cells, categorizing high-risk genotypes as exposed and low-risk genotypes as nonexposed. The calculations were performed, using MDR software (www.epistasis.org). Interaction dendrograms 39, 42, 43 were created to view graphical representation of interactions between variables and to assess the statistical nature of relationship between markers (redundant, additive or synergistic).
